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A series of single-phase polycrystalline (TlSbTe2)x(Tl0.02Pb0.98Te)1−x (x = 0, 0.05, 0.1) compounds were made
to reduce thermal conductivity while maintaining the enhanced Seebeck coefficients found in PbTe doped with
Tl. Transport property measurements confirmed that high Seebeck coefficients from doping with Tl are retained
by alloying with TlSbTe2. At the same time, a thermal conductivity as low as 0.8 W/mK at room temperature,
and 0.6 W/mK at 673 K was observed, corresponding to a 30% reduction in lattice thermal conductivity at
673 K compared with 2%Tl-PbTe. However, the maximum zT in this system is 0.8 (at 623 K), which is lower
than that of 2%Tl-PbTe prepared in this work (1.2 at 673 K) owing to a decrease of the charge-carrier mobility
when alloying with TlSbTe2. Possible influences on the mobility are discussed.
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Direct conversion between heat and electricity via thermo-
electricity is increasingly examined because of the demand
for clean, efficient energy. Developing materials with high
performance, i.e., high Seebeck coefficient S, low electric
resistivity ρ, and low thermal conductivity κ , quantified
by the thermoelectric figure of merit zT = S2T /ρκ , is of
utmost importance for thermoelectric devices with satisfactory
efficiency. Much progress has been made in this area over
the past decade,1–4 particularly in PbTe-based systems, where
dramatic increases of zT have been observed.5–8 For example,
Tl doping in PbTe increases the density of states near Fermi
energy, resulting in high Seebeck coefficients coexisting with
a high carrier concentration.9,10
While the Seebeck coefficient benefits from Tl doping, the
thermal conductivity of Tl-PbTe is still at the same level as
conventional PbTe. Because a common strategy to increase zT
is through reduction of thermal conductivity, one would expect
an even higher zT in Tl-PbTe when its thermal conductivity is
reduced.
A well-known example of thermal conductivity reduction
in PbTe-based materials is AgPbmSbTe2+m (LAST) and other
relevant systems,5–7,11 where nanometer-sized inclusions12,13
are thought to play a key role in scattering phonons while not
affecting electrons.
Although effective in LAST, alloying with AgSbTe2 (or
codoping of Ag and Sb) is not an option for the Tl-PbTe
system. Ag doping tends to replace or extract Tl from PbTe,
which can be better understood given the fact that there are
many stable ternary compounds such as AgTlTe (Ref. 14) and
Ag9TlTe5 (Ref. 15) according to the phase diagram. Also,
AgSbTe2 tends to provide electrons to PbTe, making all LAST
materials n type and thus will counteract p-type Tl-doping.
In this paper we report a strong reduction in thermal conduc-
tivity by alloying Tl0.02Pb0.98Te (denoted here as 2%Tl-PbTe)
with TlSbTe2. Stoichiometric TlSbTe2 is a semiconductor
(typically p type) and stable up to 480◦C with low thermal
conductivity.16 Valence-balanced TlSbTe2 is unlikely to affect
dramatically the doping of Tl-PbTe whether it forms a solid
solution or a secondary phase. The rhombohedral lattice of
TlSbTe2 has its close-packing plane of Te along (111) with a
Te-Te distance of 4.42 A˚. This is quite close to that in (111)
of PbTe (4.52 A˚), thus providing the possibility of forming
coherent precipitates in PbTe (111), leading to low thermal
conductivities, although such precipitates are not directly
observed in this paper.
Samples were made by using TlSbTe2 and Tl0.02Pb0.98Te
as the starting materials, each of which was first synthesized
from the elements (with purities above 99.999%). The ma-
terials were weighed according to nominal compositions of
(TlSbTe2)x(Tl0.02Pb0.98Te)1−x (x = 0.05, 0.1), then different
processes were used. The first process involved solid-state dif-
fusion, where the materials were mixed with a high-energy ball
mill (SPEX 8000D) in steel vials for 30 min, then cold pressed
into pellets. The pellets were then sealed in quartz ampoules
and annealed at 723 K for 28 days. After that the pellets were
ground and hot pressed at 740 K for 1 h, followed by annealing
at 700 K for 90 min in vacuum. The second process involved a
conventional melting technique: melting at 1250 K for 48 h and
annealing at 800 K for 7 days, followed by the same sintering
process. Samples are identified as TATL-95-d, TATL-90-d and
TATL-95-m, TATL-90-m for each group. Here TATL is used
for the system of (TlSbTe2)x(Tl0.02Pb0.98Te)1−x . The two digits
stand for the percentage of 2%Tl-PbTe content following the
nomenclature of “TAGS” (the compound with composition
(AgSbTe2)1−x(GeTe)x is usually marked as TAGS-x).17 The
letter “d” indicates the samples using solid-state diffusion
and “m” refers to samples melted and annealed. Meanwhile,
another group of sample was made following a third procedure:
first melting Tl2Te with other elements at 1250 K for 48 h
and then annealing at 800 K for 14 days, followed by hot
pressing at 800 K for 3 h in Ar-H2 atmosphere. They are
identified as TATL-95-o, TATL-90-o as these were made at
Osaka University, as described elsewhere.9
The resistivity and the Hall coefficient were measured
by using the van der Pauw method.18 The mobility (μ =
RH/ρ) and Hall carrier density (p = 1/RHe) were calculated
using a measured Hall coefficient. The thermal conductivity
was calculated from the measured density ρ, the measured
thermal diffusivity α, and the calculated heat capacity Cp by
using a linear relationship Cp/kB atom−1 = 3.07 + 4.7 ×
10−4 × (T/K − 300), which, within 2% uncertainty, matches
well with both reported Cp for PbTe from measurements19
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FIG. 1. (Color online) (a) XRD of samples with different TlSbTe2
content. (b) A typical fracture surface SEM image of the TATL
sample. (c) The calculated lattice parameters.
and our calculation taking into account the Debye model
and the contributions20 from lattice dilation and charge
carriers. The Seebeck coefficient was measured using the
slope of thermal voltage versus the temperature difference
measured from fine Nb-chromel thermocouples pressed onto
the sample with a constant spring force during the mea-
surement. The reported absolute Seebeck coefficient includes
a small correction owing to the Seebeck voltage from the
Nb wires.
All as-sintered samples have a geometric density above
97% of the theoretical density for pure PbTe. All samples
appear to have a single-phase fcc, NaCl structure by powder
x-ray diffraction (XRD) [Fig. 1(a)]. In high-angle XRD
patterns, the peaks shift toward higher 2θ angles as the content
of TlSbTe2 increases, indicating a decrease of the lattice
parameter a. This trend is clearly shown in Fig. 1(c) from
the lattice parameter calculated from the XRD patterns. The
grains that can be identified from fracture surface scanning
electron microscopy (SEM) images are on the order of 50
μm [Fig. 1(b)]. In addition, backscattered electron SEM
mapping on polished surfaces showed no secondary phase
inclusions down to the resolution for this method (typically
<100 nm).
Figure 2(a) shows the Seebeck coefficient (p-type) at 300 K
versus the Hall carrier density. The solid curve is obtained
using the Boltzmann equation based on a single parabolic band
(SPB) model, using a constant effective mass of 0.35me and
assuming that the acoustic phonon dominates the scattering
FIG. 2. (Color online) (a) Pisarenko plot of Tl-PbTe and TATL
at room temperature. (b) Temperature dependence of the Seebeck
coefficient for 2%Tl-PbTe and TATL.
(r = 0):
n = 4π (2m
∗kBT )3/2
h3
F1/2(η), (1)
S = kB
e
[
r + 2
r + 1
Fr+1(η)
Fr (η)
− η
]
. (2)
The Fermi integrals are defined as
Fn(η) =
∫ ∞
0
xn
1 + exp(x − η)dx. (3)
m∗, η, h, and kB are the effective mass, reduced chemical po-
tential /kBT , Planck’s constant, and the Boltzmann constant,
respectively.
For a conventional p-type PbTe, the S-p relationship is
well described by the SPB curve21 up to ∼5 × 1019 cm−3,
while points for the Tl-PbTe system are found well above it:9
For 2%Tl-PbTe samples, an effective mass of 1me would be
required to fit the data using the SPB model. The Seebeck
coefficient of TATL samples, represented by solid blue dots,
are found slightly below those for their matrix (2%Tl-PbTe),
which implies a slight decrease in effective mass; nevertheless,
these points are still well above the conventional p-type PbTe
curve, implying the Seebeck coefficient enhancement owing
to a resonant level is maintained in TATL samples.
Figure 2(b) compares the Seebeck coefficients S as a
function of temperature. All TATL samples have a slightly
lower S compared with 2%Tl-PbTe at all temperatures. As
more TlSbTe2 is added, the S in the TATL samples decreases,
024303-2
REDUCTION OF THERMAL CONDUCTIVITY IN PbTe:Tl . . . PHYSICAL REVIEW B 83, 024303 (2011)
FIG. 3. (Color online) (a) Thermal conductivity and (b) its lattice
component above room temperature up to 723 K. Inset of (b) shows
the estimated thermal conductivity assuming an alloy scattering effect
(dashed line) as compared to measured results.
which can be expected because the carrier density is slightly
increased [see the inset of Fig. 4(a)]. Also, the S of all
TATL samples begins to decrease at ∼650 K, owing to the
activation of minority carriers. Using the relation22 Eg =
2eSmaxTmax, the slightly different peak in the S-vs-T curves
indicates a reduction in the effective band gap (Eg) from
0.38 eV for 2%Tl-PbTe to 0.31 eV for TATL-90-m as more
TlSbTe2 is added, which is consistent with the band-structure
calculation23 of TlSbTe2.
Figure 3 shows the thermal conductivity for all samples.
Compared with 2%Tl-PbTe, a remarkable 50% reduction
at room temperature can be seen in TATL samples. The
lattice thermal conductivity κL is obtained by subtracting the
electronic contribution by using the Wiedemann-Franz Law,
where the Lorenz number L is calculated from the following
expression for a single parabolic band:
L =
(
kB
e
)2{
r + 3
r + 1
Fr+2(η)
Fr (η)
−
(
r + 2
r + 1
)2[
Fr+1(η)
Fr (η)
]2}
. (4)
The L obtained for 2%Tl-PbTe is 1.81 at room temperature
and 1.54 at 673 K, while the L for TATL samples are ∼1.88 at
room temperature and 1.57 at 673 K.
As shown in Fig. 3(b), κL at room temperature is reduced
from 1.7 W/mK for 2%Tl-PbTe to 0.9 W/mK (TATL-95-d).
Even at 673 K there is still a noticeable difference between
0.8 W/mK for 2%Tl-PbTe and a minimum of 0.6 W/mK for
TATL samples.
Low thermal conductivities are often observed in solid
solutions where point defects enhance phonon scattering
owing to both mass and strain fluctuations. In such a disordered
system, Callaway’s model is used to describe the thermal
conductivity governed by different scattering mechanisms.24
Specifically, if T > 	D and there is only umklapp and
point-defect scattering, there is a simplified relation to predict
κL:
κL
κPL
= tan
−1 ω
ω
, ω =
√
π2	D
hv2
κPL . (5)
Here κL, κPL , 	D , , ν, and  represents the lattice thermal
conductivity of the disordered system, the lattice thermal
conductivity of the ordered system before alloying, the Debye
temperature, the volume per atom, the sound velocity, and the
experimental disorder scattering parameter, respectively. We
then consider the interpretation of  proposed by Alekseeva
et al.:25,26
 = M + S, (6)
where M and S are contributions from the difference in
mass and strain field. They are calculated using
M = 12
(
MPb
M
)2
PbM +
1
2
(
MTe
M
)2
TeM , (7)
S = ξ2
(
rPb
r
)2
PbS +
ξ
2
(
rTe
r
)2
TeS , (8)
MPb = fTlMTl + fSbMSb + fPbMPb, (9)
M = 1
2
MPb + 12MTe =
1
2
MPb + 12MTe, (10)
rPb = fTlrTl + fSbrSb + fPbrPb, (11)
r = 1
2
rPb + 12 rTe =
1
2
rPb + 12 rTe. (12)
M and r are the atomic mass and the atomic radii for
each element, and ξ is an adjustable parameter related to
the Gru¨neisen parameter; in this work we use ξ = 65 as
described in Ref. 25. The mass and strain fluctuation scattering
parameters for the Pb sublattice are
PbM = fTl
(
1 − MTl
MPb
)2
+ fSb
(
1 − MSb
MPb
)2
+ fPb
(
1 − MPb
MPb
)2
, (13)
PbS = fTl
(
1 − rTl
rPb
)2
+ fSb
(
1 − rSb
rPb
)2
+ fPb
(
1 − rPb
rPb
)2
, (14)
whereas TeM , TeS are zero because there is only one kind of
atom on the Te site.
We used pure PbTe as the ordered system with21 κL =
2 W/mK. The room-temperature lattice thermal conductivity
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TABLE I. Thermal transport parameters used to estimate the alloy
model for κ in Tl-PbTe and TATL. The values are from speed of sound
and XRD measurements on sintered polycrystalline samples. In all
samples the contribution from strain field fluctuation S overwhelms
that from mass difference M .
2%Tl-PbTe TATL-95 TATL-90
ξ 65 65 65
M 334.7 330.5 326.7
Vl (m/s) 2900 2901 2850
VT (m/s) 1603 1612 1562
	D (K) 164 165 161
a (A˚) 6.467 6.462 6.457
M 2.8 × 10−6 0.006 0.011
S 0.018 0.107 0.188
in the alloy model for Tl-PbTe and the TATL system is
calculated [dashed line in the inset of Fig. 3(b)]. The result
successfully explains κL measured for 2%Tl-PbTe (parameters
used are listed in Table I). While in TATL, the thermal
conductivity reduction cannot be entirely explained by the
alloy effect. This means there must be other mechanisms
contributing to phonon scattering.
Figure 4(a) shows the mobility (μ = RH/ρ) and carrier
density (p = 1/RHe) from Hall measurements. All samples
are heavily doped, with carrier densities on the order of n ×
1019 cm−3; n changes from 4.4 to 6.1 among different TATL
samples. In comparison, when measuring different 2%Tl-PbTe
FIG. 4. (Color online) Temperature dependence of (a) mobility,
carrier density [inset of (a)], and (b) resistivity of 2%Tl-PbTe and
TATL samples.
samples, the result usually fluctuates from 4.5 to 5.5. This
indicates that TlSbTe2 does not considerably alter the doping
level in the Tl-PbTe matrix.
Although the carrier densities are quite similar, all
TATL samples differ from 2%Tl-PbTe in their mobility,
which at room temperature is equal to 63 cm2/Vs for
2%Tl-PbTe but only ∼45 cm2/Vs for TATL. As the tempera-
ture increases, they both decrease following the same relation
μ ∼ T −3/2 (data above 600 K are influenced by thermally
excited minority carriers and are not considered here). This
power law is expected for electron–acoustic-phonon dominant
scattering and therefore we are led to assume electron-acoustic
phonon interactions dominate the electron scattering in this
temperature range. Other mechanisms such as grain-boundary
scattering and impurity scattering are also expected to reduce
the mobility. Nevertheless, because of the dominant effect
of electron–acoustic-phonon scattering, it is important to
consider it further. For an acoustic-phonon scattering dominant
process, the mobility is given by21
μ = 2
3/2π1/2h4eCl
(2π )43m∗χm∗3/2d (kBT )3/22
. (15)
Here μ is influenced by the following parameters: the con-
ductivity effective mass and density-of-states effective mass,
which are described by
3
m∗χ
= 2
m∗⊥
+ 1
m∗||
; m∗d = (m∗⊥m∗2|| )1/3. (16)
The factor Cl is determined by a combination of elastic moduli,
which is further governed by the sound velocity, the molar
mass, and the lattice constant. The factor  is related to a
deformation potential and electron-phonon coupling. Note that
there are other forms for this expression ofμ that lead to related
parameters.27,28
The sound velocities of TATL were measured and found to
be virtually identical to 2%Tl-PbTe, along with the molar mass
and lattice constants (Table I). The smaller effective mass of
TATL, as revealed by the Pisarenko plot [Fig. 2(a)], should
enhance the mobility as opposed to the observed decrease
compared to 2%Tl-PbTe. Thus, assuming the mobility is
dominated by acoustic-phonon scattering, the lower mobility
in TATL should be attributed to a larger  factor, i.e., a
FIG. 5. (Color online) Temperature dependence of power factor
(inset) and zT of TATL as compared to 2%Tl-PbTe.
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stronger interaction between electrons and phonons, which
would include all the terms related to the electron-phonon
interaction, including the phonon density of states.
The temperature-dependent resistivity [Fig. 4(b)] shows
the dramatic effect of the reduced mobility of TATL. TATL
samples have a 50% higher resistivity at room temperature as
compared to 2%Tl-PbTe, and at 673 K this difference is further
increased to >100%. The 1%Tl-PbTe has a similar temperature
dependence9 as observed in TATL, but this is owing to its
lower carrier density (∼2.5 × 1019 cm−3) and not to a lower
mobility.
In total, although the thermal conductivity in TATL is
effectively reduced, the benefit to zT is canceled out by the
increase of resistivity. As shown in the inset of Fig. 5, the
power factor is considerably lower in TATL as compared to
2%Tl-PbTe. The zT in the TATL system reaches a maximum
of 0.8 at 623 K for TATL-95-m, in contrast to zT = 1.2 for
2%Tl-PbTe prepared and measured in the same manner at
673 K (Fig. 5).
It is possible that nanostructures may improve zT in
Tl-PbTe, but careful tuning of carrier densityas well as the
microstructure and even electron-phonon interaction may be
required. Otherwise, as in the case of TATL, the power factor
is likely to be reduced seriously enough to compensate the
benefits brought by κ reduction, resulting in a reduced zT.
In summary, polycrystalline (TlSbTe2)x(Tl0.02Pb0.98Te)1−x
alloys with x = 0, 0.05, 0.1 were made and a thermal
conductivity reduction of up to 30% compared to 2%Tl-PbTe at
673 K was observed. The results show that the Tl-PbTe system
can maintain its enhanced Seebeck coefficient while its thermal
conductivity is reduced when alloyed. However, for TATL,
the mobility is also substantially decreased, leading to lower
zT. In order to improve the overall performance of Tl-PbTe
with alloying, the impact on electron mobility will need
to be controlled.
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